In this study, we discuss the development of a mixer that incorporates a moving interface formed by placing two gas-liquid free interfaces into a conventional straight-flow micromixer. We restricted the movement of the interfaces in a direction normal to the flow of the liquid, in order to first promote molecular diffusion by reducing the diffusion distance, and second enhance convective diffusion caused by unsteady flow. We investigated these mixing effects and characteristics in physical experiments along with computational fluid dynamics (CFD) simulations, and compare the results. We found that the imposition of the gas-liquid free interfaces in the channel affected mixing, and that the effect of unsteady flow was small near the moving interfaces. We concluded that the acceleration of convective transport caused by the change of flow direction enhanced mixing.
Introduction
A microreactor is a device in which chemical reactions take place in a volume having dimensions on a scale of 1-1000 µm. One application of microreactors is a micro total analysis system, which is used in the field of organic synthesis and biotechnology. A micromixer is a specific mixing device used in such systems (1) (2) (3) (4) (5) ; a simple straight-flow micromixer is still most popular as it can be used under severe space limitations. For such small scales, where the Reynolds number is much less than unity, mixing is considered to be caused mainly by molecular diffusion. The most effective way of improving mixing efficiency is by reducing the diffusive distance, such as by narrowing the channel width. However, a large number of channels may be needed to meet the required productivity, which makes it difficult to reduce the overall size of the device. Thus, we believe that a new mechanism for mixing will be necessary in order to further miniaturize micromixers in the future.
In this study, we developed a mixer with a moving interface by placing two gas-liquid free interfaces (two bubbles) into a conventional straight-flow micromixer. The virtue of gas-liquid free interface of bubble is that it does not have shear stress causing pressure loss. This was experimentally and numerically proved about micro channels in some previous studies (6, 7) of the author's group. If solid wall is used for squeezing structure inside channels, strong pump system will be necessary for flow circulation. However, such a system is not suitable for micro or miniature reactor equipments. In our new mixer, we restricted the movement of the interfaces in a direction normal to the flow, in order to first promote molecular diffusion by reducing the diffusion distance, and second enhance convective diffusion caused by unsteady flow. We believe that the pressure loss can be reduced by free slip at the gas-liquid interface at the same time. We investigated the characteristics and effects of mixing by conducting physical experiments as well as computational fluid dynamics (CFD) simulations. In general, it is difficult to build a very fine moving mechanism by using solid structures that incorporate microchannels. We believe that it is much easier to handle the required flow by using bubbles rather than by using a solid structure. Moreover, gas-liquid interface can be utilized also for mass transfer of gas species in chemical process. We hope that our study will offer new possibilities in the field of micromixer engineering. 
Methods

Development of a micromixer with a moving interface
Our micromixer is based on an ordinary Y-type straight-flow micromixer having a cross section of 100 × 100 µm. The micromixer incorporates a device which can form and move the gas-liquid free interfaces in the channel. This "bubble holding section" consisted of an "air chamber" and "an air channel" (Fig. 1) . The air chamber was aligned in a direction normal to the flow. In the bubble holding section, the air chamber formed a gas-liquid free interface to balance the Laplace pressure, air pressure, and static pressure at this point in the flow. The curvature of the interface was controlled by changing the air pressure. In our preliminary measurement, the pressure inside the bubble as shown in Fig.3 was approximately 1400 Pa, which was reasonable comparing with Laplace equation. In our experiments, the interface was moved cyclically in a direction normal to the flow, and this movement caused an acceleration of molecular diffusion and the enhancement of local convective diffusion near the bubbles (Fig. 2) . To characterize the passage of flow in the cross section, we defined the minimum channel width (MCW) as the minimum value of the channel width when the bubble is the largest (Fig. 3) . This value is used later in our analysis. 
Experimental methods
We constructed the micromixers by using a photoetching process as in previous studies (6) (7) (8) . A photomask was prepared first and then it was used to create the channel pattern of the photoresist. Then we cast poly-di-methyl-siloxane (PDMS) into the pattern to obtain the micromixer channels. To observe the mixing process, pure water was colored blue or yellow by adding dyes. The blue dye was 1.4 wt% aqueous solution of the mixture of Brilliant Blue FCF (8 %) and Dextrin (92 %). The yellow dye was 1.4 wt% aqueous solution of the mixture of Tartrazine (14 %) and Dextrin (86 %). Thus, different color solutions entered the mixing channel from the two inlets, and the change in the color of the mixed solution was investigated to study the mixing ability of the solutions. The flow conditions for the experiments are shown in Table 1 . The flow rate was set by using syringe pump system. Each syringe pump provided 0.5 µl/min, then the total flow rate from the two pumps became 1.0 µl/min. The channel cross section was 100 µm × 100 µm, namely, 1.0 × 10 -8 m 2 . The average velocity was obtained from those data, which was 1.67 × 10 -3 m/s.
The gas-liquid interface was moved by changing the back pressure. The total volume of the air channel system was changed to control the pressure. Linear motors were used to push or release a particular part of the air channel as shown in Fig. 4 (a) . To move the interface cyclically, the linear motors were activated using a function generator. We observed the flow and color change of the solution by using a 40-power microscope, and obtained images by using a charged-coupled device (CCD) camera mounted on the microscope. The images were recorded on a personal computer (PC) to be investigated in detail later. 
Types of mixers
We developed three types of micromixers: Y-type, parallel-type, and alternate-type. The Y-type micromixer is a conventional Y-flow mixer and has no bubble holding section, which we refer to as "Type-A" (Fig. 4 (b) ). The parallel-type micromixer has two bubble holding sections containing an air chamber 80 µm wide and an air channel 40 µm wide at the same position, which was 3 mm away from the junction point of the two inlet channels ( Fig. 5 (a) ); we refer to this configuration as "Type-B". The alternate-type also had two bubble holding sections, but one of them was placed 500 µm downward from the other one as shown in Fig. 5 (b) , which we refer to as "Type-C". 
Evaluation of mixing
We evaluated the mixing efficiency by calculating relative concentration difference (RCD). The RCD is the difference in color from the original colors at a particular position of the mixing channel, which can be found from the static color images obtained in the experiments as follows.
First, the raw picture data were converted to gray scale from the red value of the RGB scale, and then the brightness difference between the top and the bottom points at the cross section of the channel was measured as l . The brightness difference at the junction point of the two inlet flows was also measured and defined as l max . Thus, l at a particular point was normalized using the following equation, and thereby the RCD value was obtained.
Using Eq. (1), RCD is 100% at the junction of the two inlets, and 0% when the two fluids are completely mixed. In our mixer with a moving interface, the flow oscillates and is unsteady at least near the moving interface. Hence, we evaluated RCD as a cycle-averaged value calculated from the images obtained every 0.1 s. Therefore, the number of images for analysis were 10, 7 and 5 for 1Hz, 1.5Hz and 2Hz experiments, respectively. The number enough was able to capture the color change. The estimated error of RCD derived from reading the data about the brightness difference l was approximately 3 %.
CFD analysis
We simulated the mixing process in the channel by using the commercial CFD software package PHOENICS (9) . This software uses the finite-volume method for discretization, and a semi-implicit method as its calculation algorithm. For this study, we also used a special feature of PHOENICS, MOFOR (9) , which can simulate unsteady flow near a moving bubble within reasonable numerical errors after convergence (9) .
The concentration of the dye used in the experiments was very small, and there was no chemical reaction between the two dyed liquids. Moreover, the viscosity and surface tension of the dyed solutions were nearly the same as those of pure water (Table 2) . Therefore, we constructed the CFD model as single-phase flow of pure water at a temperature of 20 ºC (10) . We normalized the concentration values by setting the concentration at Inlet-1 as 1 and that at Inlet-2 as 0 ( Fig. 6 (a) ). The diffusion coefficient D used in the calculations was 3.0 × 10 −10 m 2 /s based on our previous studies (6, 7) . The RCD value from CFD results was deduced from the calculated data in the same manner as in eq.
(1) in the previous section 2. 4 . The fluid velocity distribution at the gas-liquid interface should be different from that at the solid wall because no shear stress exists at the interface. Hence, in our analyses we imposed a slip boundary condition at the interface of the moving bubble ( Fig. 6 (b) ). The size of the simulation model was x = 7.241 mm, y = 0.3 mm, and z = 0.1 mm in the Cartesian coordinate system. The number of cells in z direction is one. Namely, this model has free-slip walls at z=0 mm and z=0.1 mm, so it is effectively two-dimensional. We constructed two kinds of models corresponding to the Type-B and Type-C mixers, as shown in Fig. 7 . The two moving bubbles were modeled as two-dimensional objects, and were allowed to move in the simulation. In the special feature MOFOR (9) , moving obstacle is represented as some volume of fluid which are moved forcefully as programmed. The meshes for calculation are simply rectangular and will not change in the calculation. The volume fraction of the obstacle in each calculation cell changes as the obstacle moves. Thus, the curvature of the obstacle (bubble in this case) can also be represented. Table 2 Comparison among the three samples 
Results and discussion
Fig . 8 shows the mixing experiments by using Type-A, Type-B, and Type-C mixers. Note that the frequency of the bubble movement was 1 Hz in all experiments.
The images in Fig. 8 do not indicate a clear change in color because of mixing. As mentioned in Section 2.4, transforming the original RGB data to red and evaluating the brightness was necessary for determining the precise change in color caused by mixing. For example, the brightness difference at the inlet was 79.2 in red color data. On the other hand, that in blue color was 66.7 and that in green color was 7.9. Thus, adopting the red color from RGB data was helpful for obtaining large value range. The CFD simulation results are shown in Fig. 9 (a-c) . In the coloring of CFD, the blue corresponds to the yellow in experiments, and the red does to the blue in experiments. It can be seen from the change in color in the results that more effective mixing occurred near the moving bubbles. The results of the experiments and calculations for Type-A, Type-B, and Type-C mixers are compared in Fig. 10 in terms of RCD values. As shown in Fig. 10 , the RCD distribution in the Type-B mixer did not differ significantly from that in the Type-A mixer at all ranges of measured positions; however, the Type-B mixer produced a slightly smaller RCD value after the bubble position in CFD simulation. In the experiments, it could not be denied that the RCD value in Type-B was a little smaller than in Type-A after the position of bubble, with the consideration of the error of 3 %. On the other hand, the Type-C mixer had a very different distribution as compared with the Type-A and Type-B mixers; mixing in the Type-C mixer was also greater at the bubble sections.
Note that there were no large differences in the RCD distribution for the Type-A, Type-B, and Type-C mixers in the region between the inlet and the bubble holding sections. The mixing effect was greater only in the gas-liquid interface region because of the moving interface. This trend can be more clearly seen in the CFD results shown in Fig. 10 . In the region between the inlet and the bubble holding section, the maximum deviation between the results of the experiments and CFD simulation was nearly 20%. It is reasonable to think that the effect of the moving interface will not produce a concentration difference in the Type-B or Type-C mixers in the region between the inlet and the bubble holding section, because the liquid flow hardly allows the influence of the moving interface on concentration values to proceed in the upstream direction. We think the reason for the discrepancy between the experimental results and the CFD simulations is that in the experiments, the channel (made of PDMS rubber) and the connecting tubes (also made of rubber) expanded slightly when the syringe pumps generated high pressure, especially when the bubble moved and yeilded small minimum channel width in the channel. As a result of the expansion of the cross section of the channel and tubes, the realized velocity could have been smaller than the predicted velocity. In addition, when the bubble squeezed through the flow passage, the region before the bubble holding section expanded even more, and the resulting reduced velocity in the region allowed for longer time for diffusion and mixing. In the CFD simulations, the geometry was fixed, and therefore, such an expansion of the channel and its influence on the velocity were not considered. Thus, in the CFD results shown in Fig. 10 , the three data sets indicate the same values in the region between the inlet and the bubble holding section.
It can be seen from Fig. 10 that the Type-C mixer produced the best mixing in both the experiments and CFD simulation. We believe that the change in the direction of the fluid velocity around the bubble caused an effective mixing of the two liquids. The fluid velocity vectors in the Type-C mixer are shown in Fig. 11 . The vectors changed their direction drastically around the bubble, but returned to their original state after a single cycle. In the Type-B mixer, the velocity vectors also changed, but because two bubbles faced each other in the same position, we think that the change in the direction was weaker; the symmetry of the concentration distribution about the middle plane, toward which the two bubbles moved, was not effective for mixing. Although the Type-B mixer yielded a smaller minimum channel width and a shorter diffusion length at the bubble position, its effect was localized and limited. The convective transport caused by the large change in the direction of the fluid velocity in the Type-C mixer is considered to enable better mixing than the Type-B mixer.
Since we found the Type-C mixer to be the most effective, we changed the frequency of the bubble movement to 1, 1.5, and 2 Hz in the Type-C mixer, and compared the results with the CFD simulations. In less than 1 Hz, stable movement was so difficult that we did not adopt the conditions. The results are shown in Fig. 12 . It can be seen from the data in Fig. 12 that the increase in the frequency of the bubbles generated only a small benefit in terms of mixing. In the CFD calculations, we also simulated the case of 10 Hz, a frequency which was not possible to replicate in the experiments, and this result is shown in Fig. 12 . Even in the 10 Hz simulation, the increase in mixing was small and limited compared with the 2 Hz simulation. We at first expected that the higher frequency movement of the bubble interface would produce a continuous wave motion and an uneven concentration distribution after the bubble position. However, because the flow is characterized by a very small Reynolds number in this study, time-dependent flow variations and differences in concentration were soon damped and returned to the initial state (11) . This could be one of the reasons that higher frequencies of the bubble motion did not yield a significant increase in mixing.
Because the increase in mixing due to increasing frequency seems to be limited and because the large change in the direction of the fluid velocity around each bubble is considered to be more effective, we attempted to stop the bubble motion and to keep the largest state of the bubble with a minimum channel width of 30 µm in experiments. However, as shown in Fig. 13 (a) , the static bubble shape could not be kept two dimensional. As time elapsed, the meniscus in the depth direction grew slowly and the flow passage became three dimensional. The black shadow around the bubble shown in Fig. 13 (a) indicates the enlarged meniscus where the bubble was held. Hence, the squeezed region between the bubble top and the channel wall allowed the liquid to escape. Thus, mixing did not significantly improve in this case, as shown in Fig. 14 . The shape of the bubble when it was moved in the experiment is shown in Fig. 13 (b) . Thus, the two dimensional shape of the bubble and the prescribed minimum channel width can be maintained because of the proceeding and receding motion of the bubbles. Although fixed-shape static bubble obstacles could offer better mixing (such as in serpentine solid channels), such an arrangement is not easy to achieve in an actual experimental apparatus. Moreover, in general, surface tension is very sensitive to the contamination by absorbed substance. To keep the surface tension constant, the movement of wetted position would be good for renewing the interface characteristic. The precise control of the bubble pressure and the conditioning of wetting property will be necessary in the future to develop better experimental setups. 
Conclusions
In this study, we evaluated the effectiveness of mixing in micromixers which had cyclic movement of the gas-liquid free interfaces of bubbles, by comparing experimental data and CFD simulations. We found that the alternate-type (Type-C) micromixer had a higher mixing efficiency than the parallel-type (Type-B) micromixer. We also found that an increase in the frequency of the movement of the gas-liquid interface in the alternate-type (Type-C) mixer did not produce a large improvement in mixing performance. The local convective transport increased because of the large change of flow direction near the bubble interfaces. The increase in the convective transport caused effective mixing.
In future work, we plan to investigate the contribution of the change of the velocity direction around the bubbles and the effect of the distance between the two bubbles in detail. Moreover, for practical applications, the pressure control inside the bubbles and the consideration of the three dimensional effects of the bubble shape will be important and necessary.
